The reference sequence for each human chromosome provides the framework for understanding genome function, variation and evolution. Here we report the finished sequence and biological annotation of human chromosome 1. Chromosome 1 is gene-dense, with 3,141 genes and 991 pseudogenes, and many coding sequences overlap. Rearrangements and mutations of chromosome 1 are prevalent in cancer and many other diseases. Patterns of sequence variation reveal signals of recent selection in specific genes that may contribute to human fitness, and also in regions where no function is evident. Fine-scale recombination occurs in hotspots of varying intensity along the sequence, and is enriched near genes. These and other studies of human biology and disease encoded within chromosome 1 are made possible with the highly accurate annotated sequence, as part of the completed set of chromosome sequences that comprise the reference human genome.
The sequence of each human chromosome underpins an extremely broad range of biological, genetic and medical studies. Sequence annotation-the process of gathering all of the available information and relating it to the sequence assembly-is essential to develop our understanding of the information stored in human DNA. Initially, there was a strong focus on annotating genes that allowed us to define the genetic information that determines biochemical function and to characterize the functional consequence of genetic aberrations. More recently, we have undertaken systematic identification and annotation of single nucleotide polymorphisms (SNPs) on genomic sequence. This has enabled us to measure the genetic diversity of the genome in geographically distinct population groups, to estimate recombination at a new high-level of resolution, and to identify signals of selection that may reveal new functions encoded in the genome. In parallel, reagents provided by chromosome mapping and sequencing have provided the basis for acquiring additional experimental data: for example, on gene expression and replication timing. These data sets may be used to elucidate the mechanisms that are used by the cell to regulate the use of chromosomal sequences-at the level of transcription, epigenetic modification or gross chromosomal behaviour-during replication and cell division.
Chromosome 1 is the largest of the human chromosomes, containing approximately 8% of all human genetic information. Because of its size, we can expect it to be more representative of the human genome than some other chromosomes with respect to genomic landscape and genetic properties. It is medically important: over 350 human diseases are associated with disruptions in the sequence of this chromosome-including cancers, neurological and developmental disorders, and mendelian conditions-for which many of the corresponding genes are unknown. There are also important biological implications of the size of chromosome 1: it is approximately six times longer than the smallest human chromosomes (21, 22 and Y) , which raises the question of how all human genetic information is replicated in a coordinated manner before each cell division. This study reports the finished sequence of human chromosome 1, and provides a detailed annotation of the landscape, gene index and sequence variations of the chromosome. Our annotation also brings together information from a wide range of additional genetic and biological studies to describe features such as profiles of recombination, signals of natural selection and replication timing, and their relation to each other along the chromosome sequence. In turn, we show that this level of annotation reveals clues to the location of functionally important sequences that are currently unknown and merit targeted investigation.
Genomic sequence and landscape
We determined the sequence of a set of 2,220 minimally overlapping clones representing the euchromatic portion of chromosome 1 (Supplementary Table S1 ). The sequence comprises 223,875,858 base pairs (bp) at .99.99% accuracy 1 (Supplementary Table S2) ; 120,405,438 bp lie in 14 contigs on the short arm (1p) and 103,470,420 bp lie in 13 contigs on the long arm (1q). The sequence reaches telomeric repetitive motifs (TTAGGG) n on both chromosome arms and pericentromeric alpha-satellite sequence at the proximal end of the short arm (1pcen). There are 18 megabases (Mb) of heterochromatin on 1q adjacent to the centromere that has not been sequenced.
Twenty-six gaps remain after exhaustive screening of bacterial and yeast-derived clone libraries with a combined coverage of 90 genomic equivalents (Supplementary Table S3 ). Eight gaps are clustered in 1p36 and eight in 1q21.1 (Fig. 1) . These regions are GC-rich and contain low-copy repeats, which we believe contribute to the absence of clones in these regions. Seventeen gaps, measured using fluorescent in situ hybridization (FISH) of flanking clones to chromosomal DNA, cover a total of 0.8 Mb (data not shown). By aligning the human contigs to the genome sequences of mouse, rat and chimpanzee, we estimated that the remaining nine gaps total 0.53 Mb (Supplementary Table S2 ). Therefore, the euchromatic fraction of chromosome 1 is 225.2 Mb, and 99.4% is available as finished sequence.
We assessed sequence integrity and completeness by three separate measures. First, all except one of the 2,580 RefSeq genes assigned to chromosome 1 (release number 7; http://www.ncbi.nlm.nih.gov/ RefSeq/) 2 are present in the sequence. The missing gene, RAB7B, maps to 1q32 in the GB4 radiation hybrid map (http:// www.ncbi.nlm.nih.gov/genemap/) 3 and should lie in gap 23 or 24. Two genes, IPP and PHACTR4, were only partially represented in the sequence reported here, but have since been completely sequenced (see http://www.sanger.ac.uk/HGP/sequence/). Second, we compared the order of 467 chromosome 1 markers in the finished sequence and in the deCODE genetic map 4 and found no discrepancies. Third, we aligned 32,984 pairs of fosmid clone end sequences to unique positions in the finished sequence and found eleven discordances. Three were sequence misassemblies caused by low-copy repeats, which have been corrected. The remainder are either deletions in the finished sequence or naturally occurring length polymorphisms. For example, the GSTM1 gene is absent from 50% of individuals. This gene is present in the reference sequence, but was absent from the fosmid clones mapped to the region.
The G þ C, repeat and CpG island content of the chromosome (41%, 48% and 8.9 islands per Mb, respectively) match the genome average 5 (Supplementary Tables S4 and S5 ). Areas of high G þ C content (Fig. 1c) , gene density (Fig. 1d) , light Giemsa-staining (Fig. 1a) , and SINE (short interspersed element) and LINE (long interspersed element) repeat density ( Supplementary Fig. S1a ) all correlate 5 . Chromosome 1 has an overall gene density of 14.2 genes per Mb-almost twice the genome average (7.8 genes per Mb) and is, therefore, one of the most gene-dense chromosomes. The 2 Mb light Giemsa-staining region of 1p36.33, adjacent to the 1p telomere, exemplifies a section of extreme sequence content on the chromosome (58.4% G þ C, 98 predicted CpG islands, and 104 genes).
Gene index
We curated all available complementary DNA (cDNA) and protein information that provided evidence for gene features, and annotated a total of 3,141 structures (Supplementary Table S6 ). These are contained in the Vertebrate Genome Annotation (VEGA) database (http://vega.sanger.ac.uk/Homo_sapiens/index.html) 6 . The gene index includes 1,669 known genes, 332 novel coding sequences, 720 novel transcripts, and 420 putative transcripts (defined as described previously 7 ), which cover 49.5% of the sequence. We found that 1,189 genes (39%) share overlaps on opposite strands and 655 loci (21%) share overlapping coding regions on the same strand. We also identified 991 pseudogenes, of which 840 are processed, and determined that CpG islands associated with 56% of the known genes and 40% of the novel coding sequences (see Supplementary Methods for details).
We identified evolutionarily conserved regions (ECRs) by alignment of the chromosome 1 sequence to the genome sequences of mouse, rat, zebrafish and two pufferfish species (Tetraodon nigroviridis and Takifugu (Fugu) rubripes). We found that 10,669 of the 10,971 ECRs conserved in all six genomes overlap with annotated exons, suggesting that exon annotation is at least 97.2% complete (see Supplementary Table S7 ). The remaining 302 ECRs may represent additional exons without supporting evidence, or highly conserved regulatory or structural elements.
We predicted 459 non-coding RNA (ncRNA) genes or pseudogenes using the Rfam database of structural RNA alignments (http:// www.sanger.ac.uk/Software/Rfam/) (Supplementary Table S8 ). We also identified 22 microRNAs (miRNAs), a class of ncRNAs with a mature length of approximately 22 nucleotides that regulate gene expression by post-transcriptional control, through BLAST analysis of the 1,345 miRNA entries within the miRNA Registry (http:// www.sanger.ac.uk/Software/Rfam/mirna/index.shtml) (Supplementary Table S8 ).
Sequence duplications
Duplication gives rise to new genetic material that can subsequently diverge and specify novel functions. We analysed the sequence for all repeats $10 kilobases (kb) in length with $90% identity, and observed 3.49% intra-and 1.64% inter-chromosomal duplication ( Supplementary Fig. S2 ). A 5-Mb region of 1q21.1 has a complex pattern of intrachromosomal duplication (Fig. 2a) . Previously, a bacterial artificial chromosome (BAC) clone derived from 1q21.1
showed FISH signals at 1p36.13 and 1p12, and a broad band of hybridization in 1q21.1 (ref. 8) . We found one sequence element at eleven locations in 1q21.1, three locations in 1p36.13, and one location in 1p12. Each copy includes a tandem 1.5-kb repeat array of varying size (#75 kb) that results in exon duplication within different members of the neuroblastoma breakpoint family (NBPF) 9 , so called because one gene (NBPF1) was shown to be disrupted by translocation in a neuroblastoma patient. The inter-and intra-genic duplications may foster illegitimate recombination leading to NBPF gene variation 9 . The NBPF repeat region in human 1q21.1 is flanked by the NOTCH2NL gene proximally and the FCGR1C and FCGR1A genes distally (Fig. 2b) . Their homologues-the NOTCH2 and FCGR1B genes-lie together on the other side of the centromere at 1p12, consistent with the occurrence of a pericentric inversion after divergence of the human and chimpanzee lineages 10 . NOTCH2NL is a truncated copy of NOTCH2 spanning the 5 0 end of the gene as far as 8 kb into intron 4. It encodes a functional protein that interacts with neutrophil elastase and has been implicated in hereditary neutropenia 11 . The NOTCH2NL protein contains several of the epidermal growth factor (EGF) repeats found in NOTCH2, plus a novel 25-amino-acid carboxy terminus that is required for the interaction with neutrophil elastase 11 . Our analysis shows that this C-terminal region is derived from the splicing of exon 4 to a region in intron 4.
Paralogous gene pairs result from segmental duplications that diverged by accumulation of mutations at either locus. We found 56 clusters of genes that duplicated after the human-murine divergence (see Supplementary Table S9 ). The ratio of non-synonymous to synonymous nucleotide substitution rates (K a /K s ) provides a measure of the rate of divergence in each gene pair. We observed the highest K a /K s ratio (1.8) between SPRR2A and SPRR2F (compared with the chromosome average of 0.4). The SPRR genes encode small proline-rich proteins that are primary constituents of the cornified cell envelope-a cross-linked protein scaffold that protects the body from the environment. Many other proteins in this envelope are encoded by genes that cluster with the SPRR genes in 1q21.3, and together constitute the epidermal differentiation complex (EDC). The EDC was recently noted as the most rapidly diverging gene cluster in a comparison between human and chimpanzee 12 . Copy number polymorphisms (CNPs) of up to several hundred kilobases occur within phenotypically normal individuals [13] [14] [15] [16] . We positioned CNPs from two CNP databases (http://paralogy. gs.washington.edu/structuralvariation and http://projects.tcag.ca/ variation/) in the chromosome 1 sequence (Fig. 1g and Supplementary Table S10 ) and localized a subset of gene families within these regions of duplication (Fig. 1h) . Genes within CNP regions show structural polymorphism that may lead to disease susceptibility. For example, a GSTM1 polymorphism may confer an increased cancer risk 17, 18 , and polymorphisms of FCGR3 have recently been shown to predispose humans to glomerulonephritis 19 .
Sequence variation
We mapped 800,653 SNPs from the public databases (dbSNP; release 121) to unique positions in the chromosome 1 sequence. We found 7,917 (1.26%) in protein coding regions, of which 4,471 are nonsynonymous and are therefore putative functional variants. We also identified 90 SNPs that introduce premature stop codons in the annotated coding sequence. These mutations would truncate the proteins encoded by 88 genes, 15 of which are associated with genetic diseases and include COL11A1 in Marshall and Stickler type II syndromes (Online Mendelian Inheritance in Man (OMIM) entry number: 120280), FY/DARC in malarial susceptibility (OMIM: 110700), and UROD in porphyria cutanea tarda (OMIM: 176100) (see Fig. 1i and Supplementary Table S11 ). Many of the SNPs on chromosome 1 have been used to determine patterns of genetic variation, providing important new information about molecular and evolutionary processes that can be annotated along the chromosome sequence (discussed below).
Chromosome recombination
We compared physical and genetic distances between markers from the deCODE genetic map 4 ( Supplementary Fig. S3 ), and observed high rates of recombination near the telomeres. The lowest rates are near the p-arm centromere (male: 0.04 centimorgans (cM) per Mb; female: 0.77 cM per Mb) and the q-arm heterochromatin (male: 0.04 cM per Mb; female: 0.31 cM per Mb). The sex-averaged recombination rate across the chromosome is 1.13 cM per Mb, equalling the genome average. Recombination is higher in females than males (1.43 versus 0.82 cM per Mb), except at 1ptel and 1qtel (Supplementary Fig. S3) .
For a more detailed profile, we used data generated by a recent survey in which the genotypes of 60,000 chromosome 1 SNPs were determined in 269 individuals (as part of the HapMap project 20 ). Recombination rates along the chromosome were estimated using coalescent methodologies 21 , whereby a high level of association between nearby SNP alleles indicates a low level of historic recombination, and vice versa. We observed a highly non-random distribution of recombination, with 80% of all recombination occurring in 15% of the sequence, in agreement with previous studies 21 . Peaks of recombination are greater towards the telomeres (Fig. 1l) . The majority of recombination occurs in hotspots (discrete segments of ,2 kb) 21 of very variable density, but with a trend of higher densities towards the telomeres (vertical red-shaded bars, Fig. 1l ). In some areas (for example, at 107.5 Mb and 156.5 Mb), a high overall recombination rate is due to a high density of discrete hotspots, whereas elsewhere (for example, at 11.5 Mb and 151 Mb) it is due to a few extremely active hotspots. Elevated recombination is positively correlated with gene density and G þ C content. However, further analysis at a finer scale 22 reveals that the density of recombination hotspots actually peaks near (within 50 kb), but outside, genes and is suppressed within coding regions. This can be accounted for if double-strand breaks in recombination are accompanied by mutagenesis and, therefore, are sometimes deleterious compared to recombination in non-essential flanking DNA. We also identified an interesting relationship between recombination rate (Fig. 1l) , expression level (Fig. 1f) and G þ C content (Fig. 1c) . Contrary to our expectations, we found that higher rates of recombination and G þ C content were associated with genes of lower expression ( Supplementary Fig. S5 ).
Natural selection
Natural selection causes altered patterns of genetic variation in populations. Marked differences in the frequency of SNP alleles in one population group relative to another indicate that variants have been selected in one geographically restricted population compared with another. The selected variant is linked with alleles at nearby loci, and evidence for selection may be observed through the existence of extended haplotypes. This effect is influenced by local recombination rate. Therefore, patterns of variation provide a powerful new form of annotation to target searches for sequences that may be important for human fitness. We outline several analyses below.
First, we plotted along chromosome 1 a profile of populationspecific differences in SNP allele frequency between populations of Western and Northern European (CEU, Centre d'Etude du Polymorphisme Humain collection (CEPH)/Utah residents from Western and Northern Europe), West African (YRI, Yoruba from Ibadan) or East Asian (JPT þ CHB, Japanese from Tokyo þ Han Chinese from Beijing) ancestry using information from the HapMap project ( Fig. 1j ; population samples are described elsewhere 23 ). The highest peaks identified 68 SNPs (triangles above peaks in Fig. 1j ) that provided evidence for geographically restricted selection (see Fig. 1j and Supplementary Table S12 ). These SNPs included three nonsynonymous variants. The best known of these-the FY*A mutation in the Duffy gene [OMIM: 110700], which protects against Plasmodium vivax malaria-was used as a baseline (log-likelihood ratio test statistic of 150), so that all other 67 SNPs show the same or greater degree of allelic differentiation compared to FY*A. The two other non-synonymous variants found were in the ACOT11 gene (a coldinduced thioesterase expressed in adipose tissue and involved in obesity in mice 24 ) and OR9H1P (an olfactory receptor that may be a pseudogene). Higher-resolution haplotype analysis of ACOT11 (Fig. 3) suggests near-fixation for the ancestral haplotype within the YRI population (that is, the ancestral type at all three SNPs-ProAsp-Met), whereas the JPT þ CHB populations have much greater diversity. This observation may be attributable to strong purifying selection in Africa, relaxed constraints in Asia, and a recent selective sweep in Europe. Most notable among the other SNPs were those clustered in or near NOTCH2, ATP1A1 and SLC35F3, and single noncoding SNPs included examples in the cholinergic receptor gene CHRM3, a gene encoding a helix-loop-helix transcription factor, and several olfactory receptor genes. We also observed marked allelic Three non-synonymous SNPs, rs2304306, rs1702003 and rs2304305 (red, green and blue arrowheads, respectively), which represent the mutations Pro165Leu, Asp202Gly and Met212Ile, respectively (where the direction of the mutation has been inferred by comparison with the chimpanzee sequences), have been typed across the four HapMap populations. b, Different non-synonymous haplotypes in the ACOT11 gene are shown on the left. Light or dark coloured shading of the boxes containing the amino acids indicate the ancestral or derived mutations at the three sites, respectively. The frequency of each haplotype in each population is shown on the right, colour-coded by population: YRI, green; JPT þ CHB, purple; CEU, orange (see the text for population definitions). Note that the population of European origin almost exclusively carries a haplotype with the Asp202Gly mutation-a mutation that is nearly absent from the other populations. In contrast to the situation for most genes, the two Asian populations show the greatest diversity (here grouped together as they have very similar haplotype frequencies), with the African population almost exclusively carrying the ancestral haplotype. These patterns indicate strongly varying selection pressures across the three populations; one possible interpretation being the presence of strong purifying selection in Africa, reduced selection pressures in Asia, and a recent selective sweep in Europe.
differentiation of SNPs associated either with protein coding genes of unknown function, or regions containing no annotated features.
Second, we identified the longest of the extended haplotypes that are associated with the derived (that is, recent) allele for each SNP along the chromosome (horizontal red lines in Fig. 1k ) 25 . These features suggest the occurrence of partial selective sweeps around new beneficial mutations. This analysis revealed several strong candidates for recent adaptive evolution, including some with signals in all populations (for example, at position 92 Mb, which coincides with a high-differentiation SNP in a novel gene (RP11-163M2.4), and at position 35 Mb, which contains the claspin (CLSPN) and neurochondrin (NCDN) genes). We also found regions with signals in two of the three populations-for example, the extended haplotypes at 50 Mb and 170 Mb in the European (CEU; Fig. 1k ) and the Asian (JPT þ CHB; Fig. 1k) populations, but not in the African (YRI; Fig. 1k ) population. In some cases, these regions are also accompanied by a marked drop in diversity (blue traces in Fig. 1k) , which arises because the selected haplotype predominates in the region (see regions 17 Mb, 182 Mb and 221 Mb, where sharp troughs all coincide with high-differentiation SNPs). The correlation of low recombination with the length of the extended haplotype is also evident from co-alignment of these tracks with the recombination rate profile (Fig. 1l) . For example, the multiple extended haplotypes at 50 Mb and 170 Mb coincide with the lowest estimated recombination rates on the chromosome.
Replication timing
Human DNA replicates in a distinct temporal manner during the S phase of the cell cycle. It is initiated at replication origins of unknown sequence specificity. Replication timing may be influenced by a chromosome's position within the nucleus 26, 27 , local transcriptional activity 28 , or base composition [29] [30] [31] [32] [33] , DNA methylation or histone modification 34, 35 . Previously, we surveyed replication timing in lymphoblastoid cells by comparative genomic hybridization of Sor G1-phase nuclear DNA to a microarray of BAC clones at 1-Mb separation across the genome 33, 36 . Chromosome 1 showed the greatest variability in replication timing of any chromosome, indicating that chromosome 1 takes the longest time to replicate. We have performed a higher-resolution study using a microarray of 1,961 overlapping BAC clones (a tile path representing the entire chromosome 1 sequence 37 ). The results confirm the substantial variation in replication timing along the chromosome and suggest some correlations between replication timing and features of the chromosome 1 landscape (see Fig. 1 ). For example, the distal 45 Mb of the chromosome, which has a high gene-density and G þ C content, replicates early in S phase whereas the section of 1p from 55-107 Mb, which contains relatively few genes and a low G þ C content, is mostly late in replicating. Linear regression analysis for selected sequence features showed a modest correlation between replication timing and G þ C content or SINE content of 0.45 and 0.51, respectively (Supplementary Table S13a ). We also tested the relationship between replication timing (Fig. 1e) and gene expression. We obtained expression data points for chromosome 1 genes in 647 of the 1,931 arrayed BAC clones (Fig. 1f) and observed a strong correlation between the probability of gene expression and early replication (r 2 ¼ 0.83; Supplementary Fig. S4 and Supplementary Table S13b ). This correlation is significantly higher than that obtained from the low-resolution whole-genome study 33 , and agrees with the results obtained for equivalent high-resolution analyses on chromosomes 22q and 6 (ref. 36) . No significant correlation was observed between replication timing and the level at which a gene is transcribed (Supplementary Table S13c ). Replication timing therefore correlates with transcriptional activity, and not necessarily the abundance of specific transcripts in a particular region of the chromosome l, in agreement with previous reports in Drosophila 38 and other genome wide studies of the human 33, 36 . Table S14) . Genes for a further 53 diseases remain unknown.
Alterations of chromosome 1-in particular, loss of 1p or gains of 1q-are among the most common chromosomal abnormalities in human cancer. Terminal and interstitial deletions of chromosome 1p occur in as many as 1/5,000 to 1/10,000 live births, and are believed to contribute to mental retardation syndromes. Microarrays consisting of large insert bacterial clones from the chromosome 1 map have been used to characterize genomic rearrangements associated with these diseases and identify candidate genes. This approach has been adopted to elucidate the genes associated with neoplasias such as sarcoma 39 , meningioma 40 and pheochromocytoma 41 , in addition to developmental phenotypes such as the 1p36 deletion syndrome 42 .
Concluding remarks
At the turn of this century, the finished sequence of the first human chromosomes 43, 44 , and then the draft genome sequence 5 , provided us with a first view of the landscape of the human genome and a partial annotation of genes. Since then, continued efforts to determine the finished sequence of each chromosome has provided a near-complete reference, accurate base-pair scale on which to place all other genetic information. The explosion of parallel investigations using this resource to characterize features of genomic biology, such as sequence variation, disease-causing mutations, recombination, and replication, provide a new level of information with which to annotate chromosome sequences. Our description of chromosome 1 illustrates the importance of continuing the effort to characterize the complexity of information that is stored in finished sequence. Bringing this information together in one place, and providing convenient views of the data and full access to it, is essential to enable us to increase our understanding of genome biology.
METHODS
Mapping, sequencing and sequence analysis. The hierarchical strategy used for the construction of the sequence-ready physical map of chromosome 1, before clone-by-clone sequencing, as well as the tools of the gene annotation pipeline, are as previously described 6, 45 . Manual annotation of gene structures followed the guidelines agreed in the human annotation workshop (HAWK; http:// www.sanger.ac.uk/HGP/havana/hawk.shtml), and the approved HUGO Gene Nomenclature Committee (http://www.gene.ucl.ac.uk/nomenclature/) gene symbols where possible. Known genes are defined as genes with an RNA entry in RefSeq; novel coding sequences are gene structures with experimental evidence and with an open reading frame (ORF); novel transcripts are gene structures with supporting evidence but no obvious ORF; and, putative transcripts are supported gene structures based on alternative species but have no ORF (ref. 7) . Protein translations were analysed with InterProScan (http:// www.ebi.ac.uk/InterProScan/), which was run via the Ensembl protein annotation pipeline to obtain Pfam, Prosite, Prints and Profiles domain matches.
Methods used for shotgun sequencing, finishing strategies, comparative analysis and identification of ECRs, sequence annotation predictions and SNP identification are as previously described 46 , and are also available in Supplementary Methods.
Alignments for inter-and intra-chromosomal duplications were performed with WU-BLASTN (http://blast.wustl.edu) using the current sequence assembly of chromosome 1 and National Center for Biotechnology Information (NCBI) build 35 for the rest of the genome. All sequences were repeat-masked with RepeatMasker (http://repeatmasker.genome.washington.edu) and low-quality When a new, independent code is used for the calculations on which the conclusions of this Letter were based, the results reported for the evolution of obliquity cannot be reproduced. This code was written in the inertial frame and is more reliable than the one used in the Letter. In most runs, the obliquities can change by only a few degrees and attain large values in only a very few cases. In addition, the obliquity variation shown in the Supplementary Information, although correct, originates from changes in the orbital inclination of the planet, and close encounters are not effective in causing large obliquities. When a new, independent code is used for the calculations on which the conclusions of this Letter were based, the results reported for the evolution of obliquity cannot be reproduced. This code was written in the inertial frame and is more reliable than the one used in the Letter. In most runs, the obliquities can change by only a few degrees and attain large values in only a very few cases. In addition, the obliquity variation shown in the Supplementary Information, although correct, originates from changes in the orbital inclination of the planet, and close encounters are not effective in causing large obliquities.
